Polyethyene glycol (PEG)-coated Fe 3 O 4 ferrofluids were prepared by suspending the PEG-coated Fe 3 O 4 nanoparticles in an oligomeric PEG-400 carrier liquid, and their magnetorheological steady flow behavior was investigated. The PEG modification did not change the crystalline structure of Fe 3 O 4 , and the PEG-coated Fe 3 O 4 nanoparticles were of nearly spherical shape and had a narrow size distribution (4±1 nm in diameter). These nanoparticles exhibited no significant aggregation in the absence of the magnetic field. Under the magnetic field, the nanoparticles aggregated into string-like clusters oriented in the direction of the field. Correspondingly, the ferrofluids behaved essentially as the Newtonian fluids in the absence of the magnetic field but exhibited, under the magnetic field, a magnetorheological effect, i.e., the increase of the shear stress/viscosity associated with a pseudo-plastic and thinning character with no real yield stress. This lack of the real yield stress, possibly reflecting the absence of huge clusters connecting the measuring parts (plates) in the rheometer, suggested that the magnetorheological effect of the ferrofluids were related to deformation/disruption of the magnetically formed clusters of finite sizes under the shear. Interestingly, this effect was most significant for the Fe 3 O 4 nanoparticles having an intermediate amount of PEG coating. This result suggested a possibility that the relaxation of PEG chains in the coating layers of nanoparticles in the clusters contributed to the magnetorheological effect.
INTRODUCTION
In recent years, ferrofluids (FFs), colloidal suspensions of magnetic nano-ferroparticles stabilized by polymer coating, have attracted a great attention in the biomedical fields related to magnetic resonance imaging (MRI) [1] [2] [3] , hyperthermia therapy of cancers 4, 5) , and targeted drug delivery. 6, 7) A particular interest is placed on the superparamagnetic nano-ferroparticles (with a diameter < 10 nm) of magnetite (Fe 3 O 4 ) because of their high magnetic saturation, negligible toxicity, and easier surface modification. On application of a magnetic field, these particles carrying drug or gene can be targeted to a specific site and/or held in the tumour region. This kind of operation can reduce the harm to healthy organs, because the circulation of the drug throughout the body is limited and non-specific uptake by the reticular-endothelial system can be avoided.
For regulation of the physical and chemical properties of the magnetic nanoparticles and enhancement of the stability and hydrophilicity of the magnetic fluids, several biocompatible water-soluble polymers have been used to coat the surface of those nanoparticles. These polymers include dextran 8, 9) , poly(ethylene glycol) (PEG) [10] [11] [12] [13] [14] [15] , and poly(vinylpyrrolidone) (PVP). 16) In particular, PEG exhibits great predominance with improved biocompatibility, biodegradability and blood circulation times.
Characterization of the rheological properties plays an important role in the molecular design/application of the magnetorheological fluids, because the rheological properties of the fluids such as the apparent viscosity, yield stress, and stiffness can be controlled by an external magnetic field. 
EXPERIMENTAL

Materials
Diethylene glycol (99 %) was purchased from Sigma- (M w = 400 g/mol, > 99 %), and acetone (> 99 %) were purchased from Sinopharm Chem Reagent Co. All these chemicals were analytical grade and utilized, without further purification, in preparation of ferrofluids. Milli-Q water was also utilized.
Preparation of PEG-Coated Fe 3 O 4 Nanoparticles
The synthesis of magnetite nanoparticles followed nanoparticles were dropped onto a thin glass sheet. After a clear eyeshot, a magnetic field was applied and photographs were taken to trace the field-induced evolution of the cluster structure.
Magnetorheological behavior of the ferrofluids of the PEGcoated Fe 3 O 4 nanoparticles was examined at room temperature with Physica MCR 301 Rheometer (Anton Parr, Germany)
having a magnetorheological device. The parallel-plate fixture of 20 mm diameter was used, and the gap was set at 0.5 mm.
During the measurements, the electromagnetic coil was activated with the currents from 0 A to 1.0 A, corresponding to the magnetic flux densities from 0 T to 0.22 T inside the gap.
Steady shear experiments were carried out for the ferrofluids at the shear rate ranging from 0.01 to 100 s -1 and under different magnetic flux densities. 
RESULTS AND DISCUSSION
Morphology Observation
Crystalline Structure Analysis
The X-ray diffraction patterns of the three kinds of PEG- (220), (311), (400), (511) and (440) respectively. The coincidence of the diffraction patterns of those nanoparticles suggests that the crystalline structure of 2)
The crystallite size L hkl , which represents the mean dimension of crystallites perpendicular to planes hkl, can be evaluated from the Bragg's diffraction angle 2 q with the aid of the Sherrer equation
The crystallite size L hkl , which represents the mean dimension of crystallites perpendicu hkl, can be evaluated from the Bragg's diffraction angle 2 with the aid of the Sherrer equa
Here, K (= 0.9) is the shape factor, is the wavelength of incident X-ray, and is the pur Note that the optically observed string-like structure is not a chain of the nanoparticles (having the average diameter of ferrofluids under steady shear was measured with a rotating rheometer in the parallel-plate geometry. The magnetic field was applied in the direction perpendicular to the plates (i.e., in the shear gradient direction). Fig. 6 shows plots of the steady state shear stress s in the absence/presence of the magnetic field against the shear rate k. The corresponding shear viscosity, h = s/k, is shown in Fig. 7 . In the absence of the magnetic field, the ferrofluids behave essentially as a Newtonian fluid having a rate-insensitive viscosity (see filled squares in Fig. 7 ) because no large aggregates of the nanoparticles were formed therein. Under the magnetic field, the stress and viscosity increase because of the formation of the string-like clusters due to the field.
FTIR analysis
As can be noted in Fig. 6 , the PEG-coated insensitive to while y is proportional to 2 in a considerably wide range of (below a certain threshold). These features of pl and y are a natural consequence of the invariance of pl and y on reversal of the magnetic field direction (from to ), as explained later in more details. In contrast, for our ferrofluids, the proportionality between y and 2 cannot be clearly detected even at < 0.1 T (in a close vicinity of = 0); see dotted curves in Fig. 8 . This result suggests that our ferrofluids do not have the real (static) yield stress that should be unequivocally proportional to 2 at least for 0.
The shear thinning of our ferrofluids (Figs 6 and 7) is superficially similar to that expected from Eq.(2). However, the decrease of the stress of those ferrofluids with decreasing shear rate is stronger than the linear decrease (down to y ) expected from Eq.(2). Thus, we again confirm that our ferrofluids have practically no real yield stress, which means that the viscosity does not diverge even at the zero-shear limit. This behavior of our ferrofluids is in contrast to that of ordinary (2) with s y and h pl being the k -independent yield stress and plastic viscosity, respectively. The s y and h pl obtained by fitting the s data of our ferrofluids at high k (≥ 20 s -1
) with
Eq. (2) are plotted against the magnetic flux density y in Figs 8 and 9 , respectively. For ordinary magnetorheological fluids, h pl is insensitive to y while s y is proportional to y 2 in a considerably wide range of y (below a certain threshold).
These features of h pl and s y are a natural consequence of the invariance of h pl and s y on reversal of the magnetic field direction (from y to -y), as explained later in more details.
In contrast, for our ferrofluids, the proportionality between s y and y 2 cannot be clearly detected even at y < 0.1 T (in a close vicinity of y = 0); see dotted curves in Fig. 8 . This result suggests that our ferrofluids do not have the real (static) yield stress that should be unequivocally proportional to y 2 at least for y → 0. The shear thinning of our ferrofluids (Figs 6 and 7) is superficially similar to that expected from Eq.(2). However, the decrease of the stress of those ferrofluids with decreasing shear rate k is stronger than the linear decrease (down to s y ) expected from Eq.(2). Thus, we again confirm that our ferrofluids have practically no real yield stress, which means that the viscosity does not diverge even at the zero-shear limit. This behavior of our ferrofluids is in contrast to that of ordinary magnetorheological fluids, the latter obeying Eq.(2) down to the zero-shear limit and having the real yield stress due to huge column/string-like clusters connecting the measuring parts (plates) of the rheometer under the magnetic field. These huge clusters always reorganize themselves under the shear (due to the action of the magnetic field) to have the connectivity/size hardly changing with the shear rate. Thus, under a given magnetic field, the rheological response of the huge clusters at non-zero shear is equivalent to that at the zero-shear limit, which results in the validity of Eq.(2) characterized by the real yield stress s y (∝ y 2 ) and y-insensitive h pl . These y dependencies of s y and h pl reflect shear-rate insensitivity of the huge cluster structure and the invariance of this structure on reversal of the magnetic field direction from y to -y. (The invariance of the structure on the field reversal, from y to -y, naturally requires s y and h pl to be even functions of y and thus gives s y (∝ y 2 ) and h pl (∝ y 0 ) for small y.)
As judged from the above features of ordinary magnetorheological fluids, the lack of the real yield stress in our ferrofluids suggests that the string-like clusters formed under the magnetic field are rather short and fragmented because the coating PEG layer disturbs real close contact of nanoparticles to weaken the inter-particles attraction under the magnetic field. In this consequence, the magnetorheological effect seen for our ferrofuilds may be related to deformation/ disruption of those short/fragmented clusters due to the shear flow: The clusters would be more stabilized under a stronger magnetic field, which results in a larger mechanical energy required to deform/disrupt the clusters. Correspondingly, the stress/viscosity corresponding to this energy increases under the magnetic field; namely, the magnetorheological effect emerges. In this sense, this effect in our ferrofluids appears to be similar to the enhancement of the pseudo-plastic behavior of ordinary suspensions (under no magnetic field) that contain finite-sized aggregates of particles: As the aggregates become more stabilized, the energy required to deform/disrupt the aggregates becomes larger to give this enhancement.
Effect of PEG-coating on rheological behavior of ferrofluids
In the absence of the magnetic field, the stress/viscosity firstly increases with increasing amount of the PEG coating 23)
The inter-particle potential force in our ferrofluids should be rather short-ranged, as typically known for aggregating suspensions. In addition, the coating layer should increase its thickness and become concentrated with increasing amount of PEG chains therein, which would retard the motion of those chains and enhance the PEG chain contribution to the stress. 23 ) Thus, we expect that the inter-particle potential force does not decrease significantly on a small increase of the PEG content but the stress due to PEG chains in the coating layer increases because of the increase of concentration and the retardation of the PEG chain motion. These changes could result in the increase of the stress/viscosity from 0.30PEG- 
CONCLUSIONS
In this paper, three kinds of PEG-coated Fe 3 O 4 nanoparticles carrying different amount of PEG were synthesized and the magnetorheological properties were examined for ferrofluids (suspensions) of these nanoparticles in a oligomeric PEG-400. suggested that the magnetorheological effect seen for our ferrofluids corresponded to the flow-induced deformation/ disruption of those short clusters.
